Modern and large power systems, which are normally composed of several interconnected generating stations (multiarea), have complex and diverse structures in practice. It is necessary to deal with the automatic generation control to ensure the stability, continuity, and economy of the generation schedule in a power grid. For the automatic generation control strategy, the most important goal is to protect the network frequency from load variations, which can appear randomly in any area. As a result, it is essential to design efficient controllers applied to multiarea interconnected power systems in order to maintain the network frequency at the nominal values (50 Hz or 60 Hz), and keep the tie-line power flow at the scheduled MW.
Introduction
In a modern and large power system, a lot of generating stations are interconnected by tie-lines to exchange MW among them. These stations are also defined as generating areas (or control areas). During the operation of the above multiarea interconnected power system, loads at any station can appear randomly and changeably based on the behavior of users; thus the frequency in the network will deviate from the nominal values (50 Hz or 60 Hz). Because of the close relationship between the frequency and the active power in a network, this deviation causes a change in the generation demand [1, 2] . Therefore, it is necessary to establish robust load frequency control strategies to regulate the automatic generation in an interconnected power system [3] [4] [5] . In general, the main roles of these control strategies are to maintain the stability of the system frequency and tie-line power to ensure the optimal and economical generation of a power network in reality.
In order to achieve the above control objectives, three control strategies, namely flat frequency, flat tieline power, and tie-line bias control schemes, can be applied. According to [2] , flat frequency controllers are only applied effectively for a case of a power system composed of a very small generating area and a very large network. It is a fact that load changes in the much smaller area may not significantly impact on the whole system frequency. This leads to limited applications of this control technique due to the complexity and diversity of the modern and large power systems nowadays. On the other hand, flat tie-line power controllers can only be used in combination with flat frequency controllers. However, the obtained control results still do not reach the desired performances. For the best choice, the tie-line bias control strategy has been used widely, practically, and efficiently to achieve the required control objectives. In principle, this control strategy uses the combination of both the frequency and tie-line power deviations, namely, area control errors (ACEs), as input signals [6, 7] . As a result, these deviations can be reduced under permissible tolerances. Moreover, the first two control strategies as mentioned above are only the particular and limited cases of the tie-line bias control scheme when the bias reaches zero and infinite values, respectively. Hence, the third control strategy covers all of the dominant characteristics of the previous methods.
In fact, 2 types of controllers based on the tie-line bias control strategy have been applied, namely conventional and intelligent controllers. Traditionally, conventional controllers using the integral (I), proportionalintegral (PI), or proportional-integral-derivative (PID) regulators are initially used to damp the transients of both the network frequency and tie-line power deviations. However, when applying these controllers, control systems have only obtained very poor performances, such as high overshoots and long settling times, which have strongly affected the operation and stability of the system [8] [9] [10] . To overcome these drawbacks, intelligent controllers using modern control techniques [11] [12] [13] [14] , e.g., fuzzy logic (FL), have been investigated widely in recent years. By using the FL controllers, the above control performances can be significantly improved in order to achieve the desired characteristics.
In this paper, different controllers, namely, I, PI, PID, and PI-based FL, are successfully investigated and compared to demonstrate the effectiveness of the tie-line bias control strategy used in the working frequency maintenance of a power system. A 6-control-area nonreheat interconnected power system is built as a typical case study to apply the above controllers. The definition of a control area has been used to imply that each generating area includes not only a generator but also several generators connected in parallel to supply the power demand. These generators can be treated as a coherent group or an equivalent generator to establish the frequency control strategies. From the evaluation of simulation results obtained by using the MATLAB/Simulink package, PI-based FL controllers are selected as an efficient solution to the given control issue.
In the next section of this paper, the model of a 6-control-area interconnected power system will be built corresponding to the tie-line bias control strategy. Section 3 then presents the application of different controllers, namely conventional and intelligent controllers, based on the proposed control scheme. Finally, simulation results and discussions will be given in the following 2 sections to evaluate and choose the most efficient controller to stabilize the network frequency.
Modeling of a 6-control-area interconnected power system
In the context of this work, a typical case study of a multiarea interconnected power system consisting of 6 generating areas will be designed. Figure 1 shows simple architectures of a 6-control-area interconnected power system. As shown in Figures 1a and 1b , each control area is interconnected with 2, 3, or 4 other areas to exchange the power demand. Figure 1c describes the other case where only the 6th control area is interconnected with each other area to exchange the scheduled MW. In Figure 1d , each generating area is interconnected with 5 other areas; hence load changes can appear randomly at any area, and affect the local frequencies as well as the tie-line power flows. As a result, the frequency and tie-line power deviations generated need to be damped by applying effective controllers in each area.
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T e-l ne P 4 6 T e -l n e P 3 6 T e -l n e P 5 6 T e -l n e P 2 6 T e -l n e In this work, tie-line bias control based controllers are used for each area to solve this problem [1] [2] [3] [4] [5] . For the typical case study, the fourth architecture of the power grid as indicated in Figure 1d is used in this work. The other cases can also be implemented in a similar manner. The corresponding structure of the control area # i is presented in Figure 2 . 
where T Gi and T T Gi , in s, are governor and nonreheat turbine time constants, respectively. To convert the power deviation of the generator and load into the frequency change [1, 2, 15] , a transfer function corresponding to the Power System #i block in Figure 2 can be given as follows:
where K pi , in Hz/pu.MW, and T P i , in s , are the characteristic constants for the i th control area.
In order to use this model in future control strategies, a state space model will be built in this work. By extending the idea in [2] , we can design the corresponding state space model of the given 6-control-area interconnected power system as expressed in the following equations (in both Laplace and time domains)
∆Ṗ tie,i (t) = 2π
From (8), (9), (10), and (11), a state space model in a corresponding matrix form can be established as follows:
where X is a state variable vector,
U is an input signal vector,
D is a vector of load variations,
A, B, F are the state matrices,
When applying the tie-line bias control technique, the input of the corresponding controller used for the ith control area is defined as
In (13),
Ri is the frequency bias factor [1] [2] [3] [4] [5] [6] ; D i , R i , and ACE i (s) are the load damping factor, the generator speed regulation, and the area control error of the i th control area, respectively. By using this definition, only 1 controller is necessary for an area to extinguish the deviations of both the frequency and tie-line power flow in accordance with the principle of the tie-line bias control. Therefore, this control method is applied in this work in order to stabilize the network frequency. Figure 3 describes a full model of a 6-controlarea power system built in the MATLAB/Simulink environment. This model will be used for simulation process as discussed in Section 4 of this paper. 
Tie-line bias control strategy-based controllers

Conventional controllers
Basically, an integral controller with the gain K Ii can be applied to the i th area as 1 conventional regulator. Based on the tie-line bias control strategy, the principle of this controller can be given as follows:
In (14) and (15), U i is the control signal that will be fed to the control area #i . The gain constant of the above controller, K Ii , must be defined to satisfy both conditions of the systematically dynamic response, namely the fast transient restoration and the low overshoot. According to some studies [3, 5, 10] , the dynamic response of this controller is too slow to stabilize multi-interconnected power networks that comprise nonlinear elements. Consequently, it is essential to improve this controller in order to achieve better control performances.
The second category of conventional controller that can be considered to solve the problem of frequency maintenance is PID regulator. It is well known that PID controllers have been widely and effectively used in control systems [16] [17] [18] . In addition, they are more useful to be applied in the tie-line bias control strategy for the frequency stability against the load variations in a power network. Basically, the principle of this controller is similar to that of the integral regulator as presented below
where According to [18] [19] [20] , the performance characteristics of a control system are strongly affected by the above gain coefficients as mentioned below 1. the larger the proportional gain, the smaller the steady state error; however, the control loop also becomes unstable, 2. the shorter the integral time, the more impetuous the implementation of an integral is, and 3. the larger the derivative coefficient, the more changeable the error becomes.
With these effects, it is essential to consider tuning methods of K P , K D , and K I in control systems applying PID controllers [18] [19] [20] [21] [22] . In this work, we have used the Ziegler-Nichols method [15, [20] [21] [22] [23] to tune these coefficients. By applying this method, the integral and derivative gains are first set to zero values; then the proportional gain is tuned to reach the value at which the output of the system begins to fluctuate. In the second step, the derivative gain will be defined with the proportional gain tuned above to make sure that the transient performances are obtained. In the last step, the integral gain will be fixed with the other factors chosen above to ensure the steady state characteristic of the control system. Because the derivative action is too sensitive to reach the steady state, a PI (proportional-integral) controller can be used to replace a PID regulator in a control system. It is very easy to design a PI controller from a PID regulator by setting a zero derivative coefficient (K Di = 0). In this study, the performances of such PI controllers applied to the frequency maintenance will also be presented in comparison with those of the other regulators.
Intelligent controller
In practice, a large-scale multiarea interconnected power system has nonlinear characteristics; thus a conventional controller should be replaced effectively by an intelligent controller using the FL technique. According to [3, 10, [24] [25] [26] , a FL controller cannot be affected by the parameters of a control system, particularly in a power network. Moreover, it has the following dominant advantages:
1. it is very efficient to use the incomplete information to make a control decision for the control system, 2. it is very flexible to make any control decision by applying the FL controller, and 3. FL controllers applied in a control system can provide an effective human machine interface (HMI) for users.
Since FL controllers may not require the estimation of parameters, these parameters can vary very fast in a control system. Meanwhile, FL controllers still act effectively to obtain the desired control performances [10, 24, 25] . Thus, such FL controllers have been applied more usefully in industrial control systems as well as in multiarea power networks to carry out frequency stability. Figure 4 describes the principle of a FL controller used for the i th control area. Based on the tie-line bias control scheme, there are a total of 6 FL controllers used in the control system. Each FL controller, as depicted in Figure 4 , has been fed by 2 input signals, ace i and the derivative of ace i , dace i , relating to ACE i and its derivative, dACE i , as described below 
where Ke i and Kde i are the correct coefficients corresponding to ACE i and the derivative of ACE i . The output of the given controller is du i relating to the control signal or the power change reference of the ith control area, ∆P ref, i , by the proportional factor Ku i and the summation (or integral) of dU i (see Figure 4) . In general, each FL controller is an input/output static nonlinear mapping and thus the principle of the proposed FL controller can be written as follows:
hence,
where K 1 and K 2 are gain coefficients. From (18), (19) , and (21), we can infer the following formulas:
and
From (23), it can be clearly seen that the principle of the proposed FL controller is similar to that of the PI regulator as mentioned earlier. As a result, the FL controller used can be defined as a PI-based FL controller [11, 13, 27] .
Basically, there are three processes of a PI-based FL controller [10] [11] [12] [13] [14] : fuzzification, evaluation of control rule base, and defuzzification, as illustrated in Figure 4 . For the control rule base of the above FL controller, a 49-rule base is used in our work. This rule base designed is based on the understanding of the control system in order to minimize the frequency and tie-line power flow changes. This leads to a simple control rule in the proposed controller as follows:
IF the first input, ace i (t), is near zero AND the second input, dace i (t), is positive small, THEN the corresponding output, du i , is negative small.
A full rule base is illustrated in Table 1 with 7 MFs for ace i (t) and dace i (t) and 9 MFs for du i (t) as indicated in Figure 5 . In this design, the MAX-MIN composition is used in which each output, MF, is obtained by a MIN operator. Meanwhile, a MAX operator has been used for the corresponding fuzzy logic output [27] . Furthermore, this operation is illustrated in Figure 5 as the 3D membership surface. To verify the effectiveness of this control strategy, the next section will carry out the simulation processes using the MATLAB/Simulink package.
Simulation results
In this study, 4 simulated cases of regulators are considered, namely I, PI, PID, and PI-based FL controller. In order to evaluate the effectiveness of different controllers based on the tie-line bias control strategy mentioned earlier, a condition of step-load changes is fed to all simulation cases at the starting time of zero as given below
where ∆P Di is the load change in the corresponding control area #i . Our control objective is to adjust the state
T , which has to converge towards the zero-steady state X
T with the best control characteristics, such as the smallest overshoots and the shortest settling times. By using the MATLAB/Simulink package, simulation results have been obtained. Figure 6 illustrates the frequency deviations of the 1st and 6th control areas, corresponding to the application of I and PID controllers in the given control system. Figure 7 shows the frequency deviations of the above areas using PI and FL controllers. Figure 8 plots the tie-line power deviations of the 2nd and 3rd areas for three cases: I, PI, and PID controller. The following figures present a comparison of the different controllers used above. Figure 9a indicates the response of frequency deviation using different controllers only for the first area. By calculating the frequency deviation errors of the above controllers, Figure 9b plots the corresponding error curves. As shown in this figure, the frequency change error between I-PID controllers is the smallest, whereas the bias of I-FL controllers is the largest. Figures 10 and 11 indicate the absolute values of the first overshoots and the settling times of all control areas using different types of controllers. In Figure 11 , a permissible frequency tolerance of 0.1% for the comparison aim of the proposed controllers is given. Table 2 , the first overshoots of the FL controller dynamic response are approximate from 36.56% to 90.13% in comparison with those of the other controllers. In addition, the corresponding settling times are approximated from 19% to 98.26% compared with the conventional controllers. These results verify that both the first overshoot (the maximum overshoot) and the settling time of the PI-based FL controller are much smaller than those of the other controllers. Consequently, PI-based FL controllers have achieved the better control performances compared with the conventional controller. This leads to the best choice of the FL frequency controller based on PI principle for the most efficient solution of the frequency maintenance problem. 
Discussion and conclusion
A typical model of a 6-control-area nonreheat interconnected power system has been designed in this work to deal with the frequency control strategy against load variations. In addition, different controllers (I, PI, PID, and PI-based FL) based on the tie-line bias control scheme have been analyzed in order to maintain the frequency and tie-line power flow at the nominal value and scheduled power, respectively. The obtained simulation results demonstrate clearly the effectiveness of the PI-based FL controllers to solve the problem of frequency stability in comparison with the other regulators. For future work, the proposed PI-based FL controllers will be combined with other modern techniques, e.g., artificial neural network (ANN), to adapt more effectively to the diversity and complexity of large-scale power systems in reality. In principle, this modern control technique can be used to automatically tune the correct gain factors of the corresponding FL controllers. Furthermore, practical largescale power systems, such as Sichuan's electric grid in China, should be of interest to model. The improved control strategies will then be applied to this model to ensure the stability, efficiency, and economy during the actual working process of the power system. 
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